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SUMMARY 

Performance estimation, weights, and scaling laws for an eight-blade 
highly loaded propeller combined with an advanced turboshaft engine are 
presented. The data are useful for planned aircraft mission studies using the 
turboprop propulsion system. Comparisons are made between the performance of 
the 1990+ technology turboprop propulsion system and the performance of both a 
current technology turbofan and an 1990+ technology turbofan. 


INTRODUCTION 

Recent predicted improvements in the propulsive efficiency of highly 
loaded propellers at cruise Mach numbers of 0.8 have led to increased interest 
(ref. 1) in the use of these devices to propel advanced aircraft. Early 
studies indicate that, compared to a high bypass turbofan, turbine-propeller 
systems offer a potential reduction of 15 to 30 percent in fuel consumption, a 
reduction in direct operating cost of approximately 10 percent, and a reduction 
in aircraft gross weight of approximately 20 percent for long endurance 
missions. The recent increased emphasis on reduction in fuel consumption 
created by decreasing supplies and increasing cost of fuel make this concept 
very timely. While near field noise, passenger comfort, and maintenance remain 
as potential problems, the possible benefits of this concept have lead to 
system studies of possible future propeller powered aircraft. These system 
studies require that the weight, scaling, and performance of the concept be 
known. 

The purpose of this report is document the predicted performance, scaling, 
and weight of an eight-blade highly-loaded propeller (propfan) combined with an 
advanced turboshaft engine (the Pratt and Whitney STS 487 of reference 2), and 
to compare these results directly with an advanced high-bypass ratio turbofan. 
The approach used herein combines predicted propeller data with the engine 
characteristics to yield the uninstalled performance of the propeller-engine 
combination in terms identical to those by which turbofan performance charac- 
teristics are generally presented. 



Few large commercial propeller-driven aircraft have been designed in the 
last two decades; thus, computer programs equivalent to those for jet aircraft 
often do not exist for sizing and predicting the performance of turboprop 
aircraft. The present paper provides a means of converting propeller and 
engine data to a common basis with turbofan engines. The converted data may be 
used directly in available programs, thus eliminating the need for developing 
new computer software. 


SYMBOLS 

* 2 3 

Cp propeller power coefficient, (P/D )/p(ND)'^ 

propeller thrust coefficient, T/(p(ND)^ D^) 

D propeller diameter, m(ft) 

g gravitational constant, 1.0(32.2 ft/s^) 

GR gearbox gear ratio 

HV fuel lower heat value; 42.717 x 10^ J/kg (18,400 Btu/lbm) 

J propeller advance ratio, (V/ND) 

JC conversion factor; 1.0(778 ft Ibf/Btu) 

constant in equation (10); 0.6325 (0.0935) 

constant in equation (11); 1.0203 x 10"^ (5.115 x 10"^) 

constant in equation (12); 6.3483 x 10"^ (0.1044) 

M mass, kg (Ibm) 

N propeller revolutions per unit time, revolutions/s 

P engine shaft power, kw (hp) 

T net uninstalled thrust, N (Ibf) 

TSFC thrust specific fuel consumption, (kg/hr)/N ((lbm/hr)/lbf) 

V velocity, m/s (ft/s) 

W weight, N (Ibf) 
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fuel flow, kg/s (Ibm/s) 


p density, kg/m^ (slugs/ft^) 


n efficiency 


Subscri pts: 

G/B 

gearbox 

jet 

jet exhaust 

net 

net uninstalled 

NOM 

nomi nal 

0 

free stream 

ov 

overal 1 

p 

propul sive 

prop 

propeller 

t 

thrust 

ti p 

propeller tip 


RESULTS AND DISCUSSION 

The Pratt and Whitney STS 487 turboshaft data (ref. 2) was matched with 
eight-blade propfan data (ref. 3) to calculate the uninstalled net thrust, fuel 
flow, thrust specific fuel consumption, and overall efficiency of the combined 
propulsion system. These parameters, and other associated engine and propeller 
parameters, are obtained as functions of Mach number, altitude, and power 
setting for both standard day and nonstandard day atmospheres. The propeller 
is first sized at a selected operating condition. The sizing data required are 
the design values of Mach number, altitude, shaft horsepower, residual jet 
thrust, propeller tip speed, power coefficient, and delta temperature above a 
standard day. 

First, the free stream velocity and density are obtained for the known 
Mach number, altitude and ambient temperature, then the propeller diameter can 
be obtained as 


D = 



Cp p(ND)3J 


( 1 ) 
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where 


ND = Vtip/3.1416 


( 2 ) 


The advance ratio (J) is 


J = M/m 


(3) 


The thrust coefficient Cj can be obtained from the tables of reference 3 

as a function of Mach number, advance ratio, and power coefficient. Finally, 
the propeller thrust can be computed from the thrust coefficient and the results 
of equations (1) and (2) as 


prop 


“ Cl 


p(Nn)^o^ 


(4) 


The net thrust can be calculated by adding the residual jet thrust, which 
is obtained from the engine specifications, to the net propeller thrust 


^net “ ^prop ^jet 

The fuel flow is known from the engine data of reference 2, and when 
combined with the results of equation (5), the equivalent thrust specific fuel 
consumption is calculated as 


TSFC = Wf/T,et 


( 6 ) 


Finally, the efficiencies are obtained from their definitions (ref. 4) as 


n 


ov 


Tnet_!o 

Wf JC HV + Vo^/2g 


(7) 



(8) 
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For the off-design cases, the propeller diameter is fixed from the design 
computation and the power coefficient is computed from the known engine shaft 
power, the propeller diameter, the specified propeller rotational tip speed, 
and equation (2) , 


P/D 
p(nd)3 


Then, the advance ratio J is computed from equation (3) using the velocity 
corresponding to the specified Mach number, altitude, and temperature. Using 
these values of Cp and J , and the tables of reference 3, the off-design 

thrust coefficient can be computed. Equations (4) to (8) are then used to 

compute the remaining off-design parameters. 

The propeller, gearbox, and turboshaft engine weights are estimated using 
the methods of reference 3 for the propeller and gearbox and reference 2 for the 
turboshaft engine. Curve fits of the methods described in these references 
result in the following approximate expressions: 


. „2. 48808 w 0.30 fp/n2^0.2925 
prop = n ° \ip ^ \ 



ro 


GR 


p 
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WTenG = K3 (P/D^) d2 


( 10 ) 


( 11 ) 


(12) 


The total uninstalled weight is the sum of equations (10), (11), and (12). 
It is recommended in reference 3 that this uninstalled weight be multiplied by 
1.3 to account for installation. The nominal engine and propeller sizes can be 
scaled using the equations of references (2) and (3) (Appendix A). It is 
recommended that the engine scale factor be limited to the range between 0.7 

and 1.45. In equation (10, (11), and (12), the power loading (P/D^) has been 
expressed separately because, for a given design Mach number and altitude, the 
power loading (or power coefficient) is held constant as the engine size is 
scaled to match the required mission thrust. Furthermore, at the design Mach 
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number and altitude, and a constant specified tip speed, a constant power 

p 

loading (P/D ) uniquely fixes the advance ratio, the power coefficient, the 
thrust coefficient, the propulsive efficiency, the overall efficiency, and the 
thrust specific fuel consumption as the engine is scaled. 


Sample Calculation 

This procedure will now be illustrated by some numerical results which 
assumes that the eight-bladed propeller of reference 3 is matched to the 
turboshaft engine of reference 2. The tip speed is to be held constant at 244 
m/s (800 ft/s). The propeller is to be sized for a Mach number of 0.8 at 11 km 
(36,089 ft). The propeller power coefficient at the design point is selected 

to be 1.692 with P/D^ of 281 kw/m^ (35 hp/ft^). The propeller propulsive effi- 
ciency is 0.817 at the design conditions. The resulting design-size information 
is summarized in Table 1. Typical sea-level-static performance is also shown in 
Table I. The resulting propeller diameter for the baseline size of 15,238 kw 
(20,438 hp) at sea-level-static maximum-power condition was 4.519 m (14.825 ft). 
Note that the data from Table I indicates that the propeller was not able to 
absorb all the power available at sea level static conditions because of pro- 
peller stall. This phenomena is also shown in figure 1 which presents the thrust 
specific fuel consumption versus the uninstalled net thrust for the nominally 
sized propfan propulsion system. The total weight of the uninstalled engine, 
gearbox, and propeller using the nominal 15,238 kw (20,438 hp) engine size is 
estimated at 2653 kg (5851 Ibm). The propeller tip speed of 244 m/s (800 ft/s) 
results is a propeller which has 1,030 revolutions per minute and a gearbox gear 
ratio of approximately 8.25. 

Figure 1 summarizes the performance of the nominally sized propfan 
propulsion system. This figure presents the uninstalled thrust specific fuel 
consumption versus uninstalled net thrust for several different Mach numbers and 
altitude combinations. 

A comparison of the turboprop (propfan) performance and the performance of 
the Pratt and Whitney JT9D-25 turbofan (ref. 5) is shown in figure 2. The tur- 
boprop has been scaled to match the maximum thrust of the JT9D-25 at Mach number 
0.8 and 9.144 km (30,000 ft.). The JT9D-25 engine represents 1965 to 1970 tech- 
nology while the turboprop gas generator represents 1990+ technology. Data for 
the 1990+ technology Pratt and Whitney STF-477 turbofan (ref. 6) has also been 
scaled to the same conditions and is shown in figure 2 to provide a more valid 
comparison of systems at the identical level of technology. It can be seen from 
figure 2 that the turboprop propulsion system reduces the cruise thrust specific 
fuel consumption at a Mach number of 0.8, 30,000 feet by about 27 percent when 
compared with the 1965 to 70 technology JT9D-25, and by about 22 percent compared 
with the 1990+ technology STF-477 turbofan. 

A comparison of selected engine performance parameters for each of these 
scaled propulsion concepts are shown in Table II. Estimated weight scaling laws 
for the turboprop (propfan) engine concept are shown in figure 3. Note that the 
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turboprop weights increase more rapidly with size increase than does a typical 
turbofan which are also shown on this figure. This difference would impose an 
increased penalty on the turboprop as it was scaled upward and would tend to 
drive aircraft configurations towards a large number of small engine rather than 
a small number of large engines. The same conclusion may be reached by 
considering how the weights for the propeller and gearbox scale using equations 
UO) and (11), respectively. Of course, cost, complexity and availability would 
also be considerations in any choice of propulsion systems. 

A summary of the performance data for the eight-blade turboprop (propfan) 
combined with an advanced turboshaft engine is presented as Appendix B. 


CONCLUDING REMARKS 

Performance estimations, weights, and scaling laws for an eight-blade high- 
loaded propeller combined with an advanced turboshaft engine have been presented. 
The data is useful for planned aircraft mission studies using this propulsion 
system. Comparisons are made between the performance and weight of the 1990+ 
technology turboprop propulsion system and the performance and weight of a 
current technology turbofan and a 1990+ technology turbofan. 

At Mach numbers of 0.8 and 9,144 meter altitude, the 1990+ technology 
turboprop produced thrust specific fuel consumption values about 27 percent less 
than the current technology turbofan and about 22 percent less than the 1990+ 
advanced technology turbofan. These benefits must be measured against the 
increased system weight, potential increased maintenance problems, and noise and 
passenger acceptance considerations before any conclusions can be made. 

This report proports to furnish the necessary propulsion data to enable 
evaluation of air transportation systems using these turboprop propulsion system. 
The data is presented in a format compatible with existing mission programs. 
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Appendix A 

SCALING LAWS FOR TURBOPROP ENGINE 


Engine: 

Nominal Engine Length = 2.240 m (7.350 ft) 

Nominal Engine Maximum Diameter = 0.914 m (3 ft) 

Nominal Engine RPM = 8500 

Nominal Engine Takeoff Power = = 15.23 Mw (20424 hp) 

Configuration: 

Two spool gas generator with free turbine and third coaxial shaft technology 
level 1990+ (in service) 

Seal ing: 


eng 


Takeoff 


NOM 


0.5 


^eng 


NOM 


Lengthgng 


Takeoff 


NOM 


0.43 


Lengtheng 


NOM 


Propeller 


D = D 


NOM 


Takeoff 

^NOM 


1/2 


Free tubine RPM 


0.5 


RPM = RPM, 


NOM 


NOM 

Takeoff 
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Appendix B 

TYPICAL PROPFAN PERFORMANCE OUTPUT 


Eight-Blade Propeller 


SIZE POINT 


Mach Number 
Altitude 

Delta Temperature 
J 


0.80 

11 km (36089 ft) 

loop 

3.081 

1.692 

0.4485 


n 


P 


0.8167 
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DEFINITIONS FOR COMPUTER OUTPUT 


XM 

ALT 

DELT 

SHP 

T 

T + FRES 
ETAP 


J 

WFT 


Mach number 
altitude (feet) 

delta temperature above standard day (°F) 

engine shaft horsepower (hp) 

propeller net thrust (Ibf) 

propeller + residual jet net thrust (Ibf) 

propulsive efficiency (CjJ/Cpj 

propeller power coefficient 

propeller thrust coefficient 

propeller advance ratio 
engine fuel flow (Ibm/hr) 



TYPICAL PROPFAN PERFORMANCE OUTPUT 
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20666.2 22221.7 23739.4 .4317 1.3316 .6556 .877 6344.78 

18268.2 21258.2 22500,0 .4717 1.1658 .6271 ,877 5606,16 

15963.8 20082.7 21104,6 .5100 1.0187 ,5925 .877 4948,09 

13643.9 18550.6 19365.2 ,5512 .8707 .5473 .877 4317,13 
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45000. 0.0 3548.2 2142.9 2223.5 .8491 1.1642 .3250 3.041 1040.33 

45000. 0.0 2959.4 1804.4 1834.1 .8573 .9710 .2737 3.041 889,98 



45000 . 0.0 2427.3 1 A 77.7 1469.7 .8559 .7964 .2241 3,041 756,66 

45000 , 0,0 1916,4 1149,4 1113.6 .6432 .6288 .1743 3.041 632.27 
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30000 . 18.0 7567.7 5166.7 5449.0 ,6188 1.3450 .4245 2,594 2175,51 

30000 . 18,0 6571.6 4576.9 4760.0 ,8353 1,1680 .3761 2,594 1906.63 



30000. 18.0 5596.2 3968.8 A072.1 .8506 .9946 .3261 2.594 1655.42 
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Table 

I. - Propeller Design Information 

DESIGN 

Mach Number 

= 0.80 

Altitude 

= 11,000 km (36,089 ft.) 

P 

= 5.740 Mw (7698.8 hp) 

Propeller Net Thrust 

= 19.6 kN (4414 Ibf) 

Residual Thrust 

= 1.615 kN (363 Ibf) 

Total Net Thrust 

= 21.25 kN (4777.6 Ibf) 

P/D^ 

= 35.03 


= 0.817 

J 

= 3.081 

S 

= 1.692 

S 

= 0.4485 

“f 

= 984.98 kg/hr (2171.96 Ibm/hr) 

TSFC 

= 0.046 kg/hr/N (0.455 Ibm/hr/lbf) 

’^ov 

= 0.434 

T/P 

= 3.705 N/kw (0.621 Ibf/hp) 

Propeller Diameter 

= 4.519 m (14.825 ft.) 

Number of Blades 

= 8 

SLS/MAX THRUST 

P 

= 14.0 Mw (18,780 hp); 

maximum available = 15.23 Mw (20,424 
hp) 

Net Thrust 

= 88.79 kN (19,961 Ibf) 


= 0.8565 

S 

= 0.5540 

J 

= 0.0 


= 1.940 Mg/hr (4277.9 Ibm/hr) 

T/P 

= 6.342 N/kw (1.063 Ibf/hp) 

TSFC 

* 0.022 kg/hr/N (0.214 Ibm/hr/lbf) 

P/D^ 

= 490.1 kw/m2 (61.067 hp/ft^) 

Note: Maximum sea-level-: 

static (SLS) thrust does not occur at maximum engine 

horsepower because 

of propeller blade stall. 
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Table II. Comparison of Selected Engine Parameters 
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Thrust SFC. Ibm/hr/lbf 


THRUST SFC 
VERSUS 

UNINSTALLED NET THRUST 


STANDARD DAY 


P (s«a level static) - 15 238 kw (20 438 hp) 
Propeller Diameter s 4.519 m (14.825 ft) 
Propeller Tip Speed = 244 mps (800 fps) 



» ‘ ^ ‘ « 
0 5 10 15 20 25 

Uninstalled Net Thrust, klbf 


Figure 1. - Propfan performance. 



THRUST SFC 
VERSUS 

UNINSTALLED NET THRUST 

STANDARD DAY 
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Uninstalled Net Thrust. Ibf 



Relativ* Bar* Engin* W*ight 


Multiply propfan weight by 1.3 to 
g*t installed total propfan weight. 



:tcMaximum thrust SLS not ot maximum power becous* of propeller stall. 


Figure 3. - Weight scaling for bare engine. 
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